Potassium forms and clay mineral composition of soils under sunflower cropping were compared to those adjacent virgin soils. For this purpose forty surface soil samples belonging to 10 soil series in Western Azerbaijan province, Iran were selected to determine the changes in K forms and K adsorption behaviour of the cultivated soils after longterm cropping. The samples were analyzed for soil physical and chemical properties, mineralogy of clay fraction, different forms of K, and K adsorption characteristics. The soils studied were alkaline and calcareous. Illite, illitesmectite and chlorite-kaolinite were the dominant clay minerals in Typic Xerocrepts, Typic Xerofluventsand Fluventic Xerocrepts, respectively. No changes in K-bearing minerals (illite) were detected due to cropping and K depletion. Soil solution K (So-K) constituted 1.65% of exchangeable K (Ex-K) and 4.35 % of non-exchangeable (NEx-K) for the cultivated soils and 2.54 % of Ex-K and 4.35 % of NEx-K for the adjacent virgin land. Significant declines in Ex-K content from 464 to 241 mg kg -1 (48 %, on average), from 488 to 264 mg kg -1 (46%, on average), were observed for Fluventic Xerocrepts and Typic Xerofluvents(P ≤ 0.01) soil series, respectively. Significant changes in the NEx-K content were observed after long-term cropping of sunflowers in Fluventic Xerocrepts (P≤0.05) but no changes in Typic Xerofluventsand Typic Xerocrepts of the soils. A highly significant positive relationship (r 2 = 0.70, P≤0.01) was observed between NEx-K and illite contents, indicating that this form of K is mainly released from the frayed edges of illite. Paired t-test revealed that in Fluventic Xerocrepts and Typic xerofluvents, K adsorption significantly was increased (P≤0.01) and exchangeable K was decreased as a result of exhausting cropping of sunflower. 
Introduction
Successive cropping of potassium-demanding crops like sunflower (Helianthus annus) leads to depletion of soil potassium (K) and change the distribution of K forms. Changes in non-exchangeable K of soils under intensive cropping have been observed in many cases irrespective of the available K status and dominant minerals of soils. Some workers have shown that intensive cropping for a long period reduces the exchangeable K to a minimum level in which the release of non-exchangeable potassium starts (Sachdeva & Khera 1980) . Application of K fertilizers increases and subsequent cultivation decreases the amount of exchangeable K. Little change in exchangeable K content of the surface layer (0-15 cm), of a sandy loam in Punjab, India, under a wheat /maize rotation for 10 years (64 kg K ha -1 yr -1 applied), was also observed by Sharma et al. (1984) . In contrast, the application of 33.6 kg K ha -1 yr -1 for 47 years to a silt loam soil under winter wheat resulted in a 58% increase in exchangeable K content compared to the control (142 mg kg -1 ) (Banks et al 1976) .
Soil solution K (So-K), exchangeable K (Ex-K), and non exchangeable K (NEx-K) forms are related to soil properties including surface area, mineralogy, surface charge density and degree of interlayering of clay minerals (Shaviv et al 1985) . The So-K and Ex-K phases are regarded as readily available forms of K. The NEx-K form is generally considered to be slowly available form of K occurring in illitic clays and other 2:1 types of integrated minerals (Wood & DeTurk 1940) .
Intensive sunflower cropping without proper replacement of nutrients absorbed from the soil especially K, led to a marked depletion of soil K resources, and in turn became a yield-limiting factor in some areas of Iran (Jalali 2005) . According to Jalali and Zarabi (2006) the soils in most arid and semiarid regions contain large quantities of exchangeable and non-exchangeable K. The exchangeable K of these soils may be significantly depleted due to the intensive crop production systems. The continued K export without supply will tend to deplete soil potassium. This may take 3 to 10 years, depending on K storage (Kayser & Isselstein 2005) . Since plant growth is not directly limited by the amounts of exchangeable K, therefore it should be necessary to elucidate this phenomenon on the basis of equilibrium studies in order to test the immediate power of soils to supply K to plants. This approach needs the use of equilibrium Quantity-Intensity (Q/I) concept as a good tool to provide sufficient data regarding K dynamics in calcareous soils of north-west of Iran under sunflower cropping. Various attempts have been made to characterize the relationship between intensity and capacity of soil K or soil K buffering characteristics. This relationship implies that the ability of a soil system to maintain a certain concentration of a cation in 
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solution is determined by the total amount of the cation present in readily available forms (exchangeable and soluble) and the intensity by which it is released into the soil solution (Leroux & Sumner 1968) . The linear portion of the curve has been ascribed to nonspecific sites for K (Beckett 1964) , while the curved portion has been attributed to specific sites with high K affinity (LeRoux & Sumner 1968) . The nonspecific sites have been attributed to planar surfaces (Lee 1973) , whereas the specific sites have been ascribed to edges of clay crystals and to wedge sites of weathered mica (Rich & Black 1964) . Crops with a high dry matter production such as beets have a high K-demand and affect distribution of K forms, K adsorption, and the availability of K to plants. Limited information is available, however, on the effect of continuous cropping on the relative distribution and amounts of K forms, K adsorption, and mineralogy of clay fractions for calcareous soils of Western Azerbaijan Province, Iran.
The aims of the present study were: (1) to determine the content, forms, and distribution of K in cultivated soils and adjoining virgin lands in relation to clay mineralogy composition and other properties; (2) to compared the adsorption of K onto cultivated soil as virgin soils: (3) to investigate the long-term effects of cultivation on the K status of sunflowers-growing calcareous soils.
Materials and Methods

Soils and climate
This study compares the K status of topsoils from sunflower farmlands and the adjacent uncultivated (virgin) areas in western Azarbaijan, Iran. Most of the cultivated areas have been cropped under sunflower-wheat rotations and received irregular application of K fertilizers for at least 50-80 years. The adjacent virgin areas are under vegetation including shrubs and various native grasses. The area studied predominantly presents a semi-arid climate with mean annual rainfall of 280 mm year -1 and mean minimum and maximum temperatures of -4°C in winter and 37°C in summer. Parent materials in study area originated mainly from calcareous rocks and concerned to the quaternary geology period.
Forty soil samples (20 cultivated and 20 virgin soils), (0-30 cm) belonging to 10 soil series were collected from the major sunflower growing soils and the adjacent virgin lands. Typic Fluventic Xerocrepts, Typic Xerocrepts and Typic Xerofluventsare the major soil sub group types found in this area. Typic Fluventic Xerocrepts and Typic Xerocrepts were classified under Inceptisols and Typic Xerofluventswas put under entisols order according to USDA Soil Taxonomy (Soil Survey 1999) .
The soil samples were air dried and ground to pass through a 2 mm-sieve before use. pH was determined using 1:5 soil to 0.01 M CaCl 2 suspension by a glass electrode and EC was determined in saturated extracts of the soils (Blakemore et al 1981) . Particle size distribution was determined by the sedimentation procedure using the pipette method (Gee & Bauder 1986) . Total soil carbonates expressed as calcium carbonate equivalent (CCE) were determined by a rapid titration method (Rayment & Higginson 1992) . Organic carbon was determined by wet digestion (Nelson & Sommer 1996) . Cation exchange capacity (CEC) of the soils was determined by the 1 M NaOAc (pH 8.2) methods.
Soil mineralogy analysis
Soil mineralogy analysis by x-ray diffraction was performed on the < 2mm clay fraction. Prior to separation of soil particles, subsamples of the soils were treated with 1 M NaOAc (pH 5) to removal of carbonates and with 30% H 2 O 2 to remove organic matter (Kunze 1965) and finally with Na-dithionitecitrate-bicarbonate to removal of Fe oxides (Mehra & Jackson 1960) . Sand was separated from silt and clay by wet sieving and clay was separated from silt by centrifugation and decantation. After saturation of the specimens with Mg +2 (with and without glycerol salvation) and K + (with and without heating at 550°C) X-ray diffractograms were obtained by a computer-controlled Shimatzo XRD-6000 instrument employing a CuKα radiation source. Semi-quantitative percentages of clay minerals were calculated using diffractogram peak areas and standard weighting factors of Biscaye (1965) as follows: four times for the illite peak area, two times for the kaolinite + chlorite peak area, and 
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one times for the smectite peak area and then normalized to 100%. Random powder diffraction patterns were obtained after packing the powdered samples into aluminum holders and scanning them from 3 to 60° 2θ. A step size of 0.02° 2θ and scan speed of 1° 2θ were used for all the samples.
K forms and K exchangeable isotherms
Soil solution K (So-K) was determined by shaking 5 g air-dried soil in 25ml distilled water overnight, followed by centrifugation and filtration. Plant available K (exchangeable + water soluble) was measured by shaking 10 g soil in 100 ml 1M ammonium acetate (buffered at pH 7) for 30 minutes in an end-over-end shaker, followed by centrifugation, filtration and K determination using flame photometer (Knudsen et al 1982) . The exchangeable K (Ex-K) was calculated by subtracting the amounts soil solution K from the NH 4 AOc-extractable K values. The HNO 3 extractable K was determined by boiling 2.5 g soil with 25 ml 1M HNO 3 for 10 minutes and analyzing the extracted K using flame photometer (Knudsen et al. 1982) . Non-exchangeable K (NEx-K) was calculated by subtracting the amounts of NH 4 AOcextractable K from the HNO 3 -extractable K values. K-index was calculated with equation of K-index (%) =(K av (cmol+/kg) *100)/CEC (cmol+/kg) (Mutscher 1995) . Potassium sorption studies were performed by shaking soil samples (2.5 g) with solutions of 0.01mM CaCl 2 (25ml) containing different amounts of K (0 to 80 mg l -1 ).The samples were equilibrated on an end-over-end shaker for 24 hours, followed by centrifugation, filtration and K determination using flame photometer.
Results and Discussion
Characteristics of soils
Selected properties of soils studied are presented in Table 1 . The soils are calcareous and alkaline. The CCE content ranged from 4.4 to 19% with a mean of 14% for the cultivated soils and between 3.9 and 23% with a mean of 13% for the adjacent virgin soils. The pH values varied from 7.5 to 8.2 for the cultivated soils and between 7.7 and 8.3 for the virgin soils. The electrical conductivity (EC) ranged from 0.3 to 2.3 dS m -1 for the cultivated soils and between 0.52 and 9.01 dS m -1 for the virgin soils. Soil organic carbon (SOC) varied from 0.09 to 1.13% (0.6%, on average) for the cultivated soils and between 0.31 and 1.6 % (0.71%, on average) for the virgin lands. The soil texture varied form sandy loam to clay. The CEC ranged from 12 to 28 cmol c kg -1 (21 cmol c kg -1
, on average) for the cultivated soils and between 9 and 28 (21 cmol c kg -1 , on average) for the virgin soils. The Gotur soil series belonging to the Fluventic Xerocrept soil type had the highest clay content and CEC (Table  1 ). Regression analysis showed that for the soils investigated, CEC depends more on the soil clay content (r = 0.75, P < 0.001) than on OC content (r = 0.51, P < 0.05).
Continuous intensity cropping was related to changes in soil properties particularly SOC and CEC. A pronounced decline in SOC content (30%) was detected in the Typic Xerofluventsand to a less extent in Typic Xerocrepts, and Fluventic Xerocrepts soil types although it was not statistically significant (Table 2) . Data from longterm cropping system experiments have repeatedly shown that continuous cultivation declines soil OC and degrades soil quality compared to conditions with native vegetation, regardless of cropping system (Scholes & Breemen 1997) . When continuous cultivation is combined with removal of most crop residues after harvest, this decline may be high. The low clay content of soil may be an important factor in decomposing soil organic matter. The presence of a close relationship between soil OC and clay content (P<0.01) indicated that the clay particles protect soil organic matter from decomposition (Van veen & Paul 1979) .
The semi-quantitative estimates of relative claymineral percentages revealed that the predominant minerals in the clay fraction are illite in Typic Xerofluvents(Moghanjog soil series) and Typic xerocrept (Khoy) and smectite in Typic Xerofluvents(Shorbolag) and chlorite -Kaolinite in Fluventic Xerocrepts (Gotur, Garataphe) (Table 3) . Partial swelling found in glycerol-treated samples belonging to the Typic Xerocrepts, Typic Xerofluventsand Typic Xerocrepts soil types and collapse of the related peak to approximately 10 Å in K-saturated and heated (to 550°C) samples 
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indicated that the smectite was randomly interstratified with vermiculite, which is quite common in soil smetites (Figure 1 ). Similar observations were also made by other workers (Bedrossian & Singh 2004) . The random powder diffraction patterns of whole samples showed the presence of quartz in all of the samples. Calcite and alkaline feldspars were the other minerals that frequently occurred in most samples. Peaks for chlorite, illite, and kaolinite were also observed in the random powder XRD pattern (not shown here). The quartz content decreased considerably in the clay fraction.
Contents of K forms
Mean ± standard deviation (SD) values of various K forms for the soil series of three major soil types are presented in Table 2 . In general, the Typic Xerofluventsand Fluventic Xerocrept soil types had larger amounts of soluble K, exchangeable K, and non-exchangeable K compared with the Typic Xerocrepts (Table 2 ). This could be attributed to the presence of high amount of mica-K mineral which on weathering releases and contributes to various forms of soil potassium as evident from the semiquantitative clay mineralogical studies (Table 3 ) (Hebsur & Satyanarayana 2002) .
Soil solution K (So-K)
Soil solution K is available immediately to the plant and the concentration is affected by soil weathering, cropping history, past fertilizer use, but the amount present is insufficient to meet crop requirement. Concentration of K in solution of the investigated soils ranged from 2.4 to 21 mg l -1 with a mean value of 11 mg l -1 for the cultivated soils and between 4.8 and 97 mg l -1 with a mean value of 30 mg l -1 for the adjacent virgin land. According to the results Typic Xerofluventscontain the highest amount of So-K (Table 4 ).The soil solution data for the soils studied are comparable with those from south Australia (Pal et al. 1999 ) where the range was 5.1-17.2 mg l -1 for the cultivated soils. Gawander et al (2002) found that the range of So-K for soils of sugar cane growing area in Fiji was 2.34-62 mg l -1 (with a mean value of 12.1 mg l -1 ), which is also comparable with those for the studied cultivated soils. On average, So-K constituted 1.6 % of Ex-K and 1.35 % of NEx-K for the cultivated soils and 2.5 % of Ex-K and 4.4 % of NEx-K for the adjacent virgin land.
Long-term cultivation resulted in changes in So-K contents. In general, there was a decline in So-K with cultivation in all soil types except Typic Xerocrepts (Table 2) . A significant decline (P<0.05) in So-K content from 29.2 to 11.1 mg l -1 (62%) was detected in the soil type of fluventic xerocreprts and significant decline (P<0.01) in So-K content from 49.7 to 10.5 mg l -1 (79%) was detected in the soil type of typic xerofluvents. As expected, So-K showed similar trends to those of Ex-K, i.e., cultivated soils had lower levels of So-K than virgin land for the Veritic calcixerepts soil type. (Mallarino et al 2003) .
Available K (Av-K)
Exchangeable potassium is often used as indicator of soil K status and the likelihood of a response to K fertilizer because of the close relationship between crop response and the amount of Ex-K in soil. Concentration of Ex-K varied greatly between the cultivated soils and the virgin lands ( V: virgin, C: cultivated soil, So-K: soil solution K, Ex-K: soil exchangeable K, NEx-K: non exchangeable K, Av-K: available K Conversion of nature lands to cultivated soils and continuous cultivation resulted in changes in Ex-K contents. In general, there was a decline in Ex-K content with cultivation in all soil types (Table 2) . A pronounced significant decline (P < 0.01) in Ex-K content from 464 to 241 mg kg -1 (48 %) in Fluventic Xerocrepts and from 488 to 264 mg kg -1 (46%) in Typic Xerofluventswas detected. However, there was a non-significant (P = 0.69) decline in Ex-K content (336 to 284 mg kg -1 ) of Typic Xerocrepts caused by cultivation.
Correlation coefficients (r) for the linear relationships between soil properties and K forms are given in Table 5 . There were positive significant relationships between Ex-K and soil OC content in the cultivated and adjacent soils (P <0.01), but there were no significant relationships between Ex-K and clay content in the cultivated and adjacent soils. These results are comparable with those found for sugar beet growing soils in eastern Anatolia, Turkey (Mesut et al 2004) indicating that as the amount of exchange complex increases, Ex-K content increases. This is a well-known fact in the literature (Pal et al 1999) . The trend could be corroborated with mineralogy, which is rich in Kbearing minerals like mica and feldspars in course fractions and illite in clay fractions. Significant relationship between Ex-K and other K forms suggests that K forms are present in dynamic equilibrium (Sharma et al 2006) .
Non-exchangeable K (NEx-K)
Native fixed K and recently fixed K could be grouped together to make up the pool of nonexchangeable inorganic K in the soil (Liu et al 1997) . K fixation and release are determined by the amount of lattice clay (illite, vermiculite, and other K-rich minerals) in the soil as well as such factors Table 5 -Correlation coefficients (r) for linear relationship between K forms and soil properties Çizelge 5-Toprak özellikleri ve K formları arasındaki linear korelasyon katsayıları *, **, ***, significant at P < 0.05 P < 0.01 and P<0.001 respectively, ns: non-significant, Kex: soil exchangeable K, Kso: soil solution K, Knex: non exchangeable K, Kav: available K as past additions of fertilizer and manure K, depletion of soil K due to crop removal and soil pH. The effect of weathering processes on potassium feldspars results in the release of a small amount of lattice K into the soil solution. NEx-K is in equilibrium with Ex-K and So-K as an important reservoir of potassium. Because of this equilibrium, some potassium applied as fertilizer can be temporarily converted to the non-exchangeable form. Non-exchangeable K ranged from 160 to 612 mg kg -1 with a mean value of 318 mg kg -1 for the cultivated soils and between 70 and 728 mg kg , respectively) probably because they have high contents of illite, (36 and 45%, respectively) the reverse was true for the soil types of Typic Xerocrepts (with a mean value of 166 mg kg -1 for NEx-K) containing low illite (18%) ( Table 3) . A highly significant positive relationship was observed between the values of NEx-K and illite contents (r 2 = 0.70, P < 0.01) (Figure 2 ), indicating that this form of K is mainly released from the frayed edges of illite. These results are consistent with earlier published works (Bedrossian & Singh 2004) .
Long-term continuous sunflower cultivation did not result in changes in NEx-K contents in the soils were studied except Fluventic Xerocrepts sub groups (48%) (P < 0.05) ( Table 2 ). The lack of significant changes in the NEx-K form indicates that sunflower has met its K requirement mainly from available form (Ex-K + So-K forms) during long-term cropping. Fergus & Martin (1972) show that, providing of depletion Ex-K more than 80% to release NEx-k in soil solution.
K sorption isotherms
Potassium sorption isotherms for the studied soil types under continuous sunflower cropping and the adjacent virgin lands are presented in Figure 3 . The soils differed in their K-sorption behavior. In general, sorption K increased in the all soil series. Equilibrium K concentration (EKC) in soil solution of the soils (i.e., no net sorption or desorption) ranged from 0.02 to 54.7 mg l -1 for the cultivated soils and between 24 and 203 mg l -1 for the adjacent virgin lands.
The K power buffer capacity (PBC K ), is defined as the capacity of soils to resist change in the K concentration in soil solution. The content of PBC K for the cultivated and virgin soils has shown in Table 2 . In general, the higher PBC K are for the soils containing large amounts of clay and smectite and indicative of the continuing availability of adequate K over a long period of cropping, whereas a low power buffering indicates the need for frequent fertilisation (Pal et al 1999) .
Paired t-test revealed that continuous sunflower cultivation increased significantly (P < 0.01) K depletion in Fluventic Xerocrepts (Gotur series No. 3) and Typic Xerofluvents (Abdollahkandi series No. 17) (Table 2, Figure 3) , where exchangeable K was decreased as a result of intensive cultivation 80 (Gawander et al 2002) . Similar results has been reported that the original exchangeable K content (54 mg kg -1 ) of six surface soils (0-15 cm) in Alabama under a 2-yr cotton (Gossypium hirsutum L. )/vetch (Vicia villosa L.)/corn (Zea mays L.) rotation, receiving no fertilizer K, decreased 26% over a 50-yr period, whereas application of 112 kg K ha -1 yr -1 over a 21-yr period, increased exchangeable K an average of 240% (Cope 1981 ) . So in these soils with increase initial concentration of K, increase quantity sorption. For Typic Xerocrepts (Khoy series No 14), E X -K was increased due to a partial build up of exchangeable K probably as a consequence of application of fertilizer and or manure. 
Conclusion
Most of the soils studied contain medium to high plant-available K and other forms of K due to their high contents of K-bearing minerals. Despite continuous cultivation and K removal by sunflower as a high K-demanding crop, no transformations of micaeous minerals could be detected by XRD in the investigated soils. A highly significant positive relationship was observed between the value of non-exchangeable K and illite content indicating that this form of K is mainly released from the frayed edges of illite. Although conversion of virgins to cultivated soils and subsequent continuous cropping resulted in pronounce a significant decline (46%) in the exchangeable K contents, the potassium potential of the soils, regarding both non-exchangeable and exchangeable K, is sufficient for the current agricultural practices. Paired t-test revealed that continuous cropping increased significantly K adsorption in most of the soils studied.
